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We have used vaccinia virus as a vector to clone a 22.5-kbp cDNA that represents the 5’ and 3’ ends of the 
human coronavirus 229E (HCoV 229E) genome, the HCoV 229E replicase gene, and a single reporter gene (cod- 
ing for green fluorescent protein [GFP]) located downstream of a regulatory element for coronavirus mRNA 
transcription. When RNA transcribed from this cDNA was transfected into BHK-21 cells, a small percentage 
of cells displayed strong fluorescence. A region of the mRNA encoding GFP was amplified by PCR and shown 
to have the unique mRNA leader-body junction indicative of coronavirus-mediated transcription. These data 
show that the coronavirus replicase gene products suffice for discontinuous subgenomic mRNA transcription. 


Coronaviruses are enveloped positive-strand RNA viruses 
with a genome size of approximately 30 kb. More than two- 
thirds of the genome encodes an RNA-dependent RNA-rep- 
licase, which is expressed from the viral genomic RNA (13, 21). 
The replicase gene is comprised of two large overlapping open 
reading frames (ORFs), ORFla and ORF1b, which are trans- 
lated as two polyprotein precursors, ppla and pplab. The 
larger protein, pplab, is expressed by programmed (—1) ribo- 
somal frameshifting. Extensive processing of the polyproteins 
by virus-encoded proteinases leads to the formation of a rep- 
lication-transcription complex in the cytoplasm of the infected 
cell (31). 

A key feature of coronaviruses is their unique transcription 
strategy. This strategy leads to the synthesis of a nested set of 
3’ coterminal subgenomic mRNAs, encoding mainly structural 
proteins. It has been shown that the synthesis of each subge- 
nomic mRNA involves a discontinuous step by which the so- 
called 3’ body sequence is fused to the genomic 5’ leader 
sequence (22). This process most probably occurs during the 
synthesis of subgenomic, negative-strand templates (19, 28). 
The fusion of leader and body sequences during discontinu- 
ous transcription is determined, at least in part, by cis-acting 
elements, termed transcription-associated sequences (TAS). 
These elements are located at the 5’ end of the genome and at 
3’ proximal sites corresponding to the individual transcription 
units (5). 

Until recently, the study of coronavirus transcription was 
essentially restricted to the analysis of defective RNA tem- 
plates that depend upon transcriptional functions provided by 
a helper virus (15). Nevertheless, some general characteristics 
of coronavirus transcription have been revealed. Thus, it has 
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been shown that coronavirus-specific transcripts can be gener- 
ated from defective RNA templates that contain one or several 
TAS elements (15, 29). Also, mutagenesis of TAS elements in 
defective RNAs has revealed that TAS base pairing plays an 
important role in coronavirus discontinuous transcription 
(27). However, the use of defective RNAs to study corona- 
virus transcription has focused attention on the template RNA 
rather than the viral gene products that provide transcriptional 
functions. 

Our limited knowledge of coronavirus replicase proteins has 
been obtained mainly by biochemical and genetic studies. For 
example, the in vitro analysis of recombinant proteins has 
shown that coronavirus replicase polypeptides have proteinase 
(31), nucleoside triphosphatase (NTPase) (9), and RNA du- 
plex unwinding (20) activities. At the same time, genetic anal- 
ysis of temperature-sensitive mutants that are defective in 
RNA synthesis has been used to correlate a limited number of 
specific mutations in replicase polypetides with defects in pos- 
itive- and negative-strand RNA synthesis (S. Siddell, D. Sa- 
wicki, Y. Meyer, V. Thiel, and S. Sawicki, submitted for pub- 
lication). These studies need to be continued and extended, 
but it is also clear that we need to complement them with a 
reverse genetic approach. Indeed, several different reverse ge- 
netic methods, including targeted RNA recombination (7, 10, 
12) and the construction of infectious cDNA copies of both 
human and porcine coronavirus genomes (2, 24, 30), have been 
developed for coronaviruses in the last few years. Unfortu- 
nately, these systems are all dependent on the rescue of re- 
combinant coronaviruses and, therefore, are not particularly 
suitable for the analysis of defective genomes encoding mainly 
replicative and transcriptional functions. 

The analysis of replication and transcription in many posi- 
tive-strand RNA viruses has been greatly facilitated by the use 
of synthetic RNAs that, once introduced in susceptible cells, 
are able to replicate autonomously; i.e., so-called replicons (1, 
6, 8, 14). This approach has been used to study, for example, 
the replication and transcription of arteriviruses, a family of 
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FIG. 1. Strategy for the construction of a coronavirus-based vector 
RNA that mediates the expression of GFP. The structural relationship 
among the HCoV 229E ORFs, HCoV 229E genomic RNA, plasmid, 
PCR cDNA fragments, and in vitro RNA transcripts is shown. The 
position of three silent mutations, which create a unique FseI (+) site, 
is depicted in the recombinant cDNA fragments. Relevant restriction 
sites are indicated. The cDNA fragments pEB, PCR-BF (which rep- 
resents the HCoV 229E genomic region [nt 5200 to 7000] that is 
unstable in bacterial cloning systems), and pFE were assembled by in 
vitro ligation with the restriction sites BglII and Fsel. Subsequent 
ligation of the resulting cDNA with NofI-cleaved vNotI/tk vaccinia 
virus DNA produced the recombinant vaccinia virus VHCoV-vec DNA. 
Recombinant vaccina virus vVHCoV-vec-1 was recovered and RNA 
transcripts were produced in vitro by using genomic vHCoV-vec-1 
DNA and bacteriophage T7 RNA polymerase. The HCoV-vec-1 RNA 
was transfected into BHK-21 cells and monitored for the expression of 
GFP (see text for details). 


RNA viruses that are grouped together with the coronaviruses 
in the order Nidovirales. It has been demonstrated that base 
pairing between TAS elements guides the process of arterivirus 
discontinuous transcription (28) and that the arterivirus repli- 
case, in the absence of any further structural or nonstructural 
proteins, is sufficient for genome replication and subgenomic 
mRNA transcription (17). In a particularly elegant study, 
Tijms et al. (26) have shown that the arterivirus zinc finger- 
containing papain-like proteinase nsp1 has an essential role in 
subgenomic mRNA synthesis. 

In this paper, we describe a system that will complement ex- 
isting methods to analyze coronavirus discontinuous transcrip- 
tion. Also, using this system, we demonstrate that the corona- 
virus replicase gene products are the only viral proteins 
required for coronavirus subgenomic RNA synthesis. 
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Cloning of a recombinant vaccinia virus, HCoV-vec-1. The 
overall strategy we adopted is illustrated in Fig. 1. Briefly, 
cDNA fragments were ligated in vitro to produce a 22.5-kbp 
cDNA. This cDNA represents the 5'-proximal 20.6 kb of the 
HCoV 229E genome encompassing the entire replicase gene, 
the gene encoding green fluorescent protein (GFP), the 3’ 
proximal 1 kb of the genome, and a synthetic poly(A) tail of 42 
nucleotides (nt). The start of the GFP ORF is located 1 nt 
downstream of the ORF 1b stop codon and 7 nt downstream of 
the TAS element that normally controls the discontinuous 
transcription of mRNA2. The cDNA was ligated in vitro to 
NotI-cleaved vaccinia virus DNA, and a recombinant vaccinia 
virus, VHCoV-vec-1, was rescued by transfection into fowlpox- 
infected CV-1 cells. The recombinant VHCoV-vec-1 DNA was 
then used as a template for the in vitro transcription of a 
synthetic HCoV-vec-1 RNA. This RNA was transfected into 
BHK-21 cells that were subsequently monitored for the expres- 
sion of GFP. 

During the course of our initial studies, we found that one 
particular region of the HCoV 229E genome (ca. nt 5200 to 
7000) was unstable in the form of plasmid cDNA, bacterial 
artificial chromosome cDNA, or bacteriophage vector cDNA 
(V. Thiel, unpublished observations). To overcome this prob- 
lem, we devised a two-phase cloning strategy based upon the 
optimization of in vitro DNA ligation and the use of vaccinia 
virus as a eukaryotic cloning vector. First, we constructed the 
HCoV-vec insert CDNA. Three cDNA fragments were derived 
from the plasmids pEB and pFE and the reverse transcription- 
PCR (RT-PCR) product BF. The plasmid pEB is based on 
pBluescript II KS+ and contains sequences corresponding to 
nt 1 to 5207 of the HCoV 229E genome preceded by an 
additional G nucleotide, the sequence for the bacteriophage 
T7 RNA polymerase promoter, and the restriction sites 
Bsp1201 and Eagl. The plasmid pFE is based on pBR322 and 
contains sequences corresponding to nt 6993 to 20569 of the 
HCoV 229E genome followed by the GFP gene, the HCoV 
229E sequences from nt 26279 to 27277, a synthetic poly(A) 
tail of 42 nt, and the restriction sites ClaI, Bsp120I, and Eagl. 
The nucleotides at positions 6994, 6997, and 7000 of pFE were 
mutated from their original sequence to produce an FselI site 
that is useful for cloning purposes. The RT-PCR product BF 
was produced with poly(A)-containing RNA from HCoV 
229E-infected MRC-5 cells as described previously (25). The 
RT primer was 5’ CTACTCACGATATCGTAC 3’ (nt 7840 to 
7858); the PCR primers were 5' AGTTGGTGTTATTGCTG 
ATAAGGAC 3’ (nt 5176 to 5200) and 5’ GACATAGGCCG 
GCCCTGTTGGTTGCACATTTGTTTIGGT 3’ (nt 6968 to 
7006). The longer PCR primer contained the nucleotide 
changes that generate the FseI site. To prepare the DNA 
fragments EB and BF for in vitro ligation, the plasmid pEB was 
digested with Eagl and BglII, treated with alkaline phospatase, 
phenol extracted, and ethanol precipitated. The RT-PCR 
product BF was digested with BglII and precipitated with the 
DS primer remover reagent (MoBiTec, Gottingen, Germany). 
Ligation of the DNA fragments EB and BF produced a 7-kbp 
product, EF, which was digested with Fsel and gel purified with 
QiaexII resin (Qiagen, Hilden, Germany). The fragment EF 
was ligated to a 15.5-kbp DNA fragment that was derived by 
digestion of pFE with FseI and Eagl, treatment with alkaline 
phosphatase, and agarose gel purification with QiaexII resin. 
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FIG. 2. Cloning of HCoV-vec cDNA in the vaccinia virus genome. 
(a) Assembly of a 22.5-kbp HCoV-vec cDNA by in vitro ligation. DNA 
fragments EF and FE were ligated and analyzed by PFGE in com- 
parison with a high-molecular-weight DNA marker (Life Technol- 
ogies, Karlsruhe, Germany). The ligation substrates and products are 


J. VIROL. 


The products of this reaction were analyzed by pulsed-field gel 
electrophoresis (PFGE) and are shown in Fig. 2a. The ligation 
substrates EF (7 kbp) and FE (15.5 kbp), as well as the ex- 
pected ligation products of 14 kbp (ligation of EF and EF) and 
22.5 kbp (ligation of EF and FE), are visible. 

In order to produce a recombinant vaccinia virus containing 
the HCoV-vec DNA, we used a cloning system that has been 
designed for the insertion of foreign DNA into a single NotI 
site of the vaccinia virus vNotI/tk genome by in vitro ligation 
(16). The ligation reaction described above was ligated without 
further purification to NofI-cleaved vaccinia virus DNA. To 
eliminate religation of vNotI/tk vector DNA, we added NotI 
enzyme to the ligation reaction. As illustrated in Fig. 2b, reli- 
gated vaccinia virus arms (NofI-NotI fusions) were recleaved 
by the NotI enzyme, whereas ligation products comprised of 
insert cDNA and vaccinia virus arms (EagI-NotlI fusions) were 
resistant to cleavage. This resulted in an accumulation of liga- 
tion products containing the insert DNA. This protocol obvi- 
ates the need to select for recombinant vaccinia viruses in the 
subsequent rescue procedure. 

After incubation for 16 h at 25°C in NotI digestion buffer 
supplemented with 1 mM ATP, the ligation products were 
transfected with Lipofectin into CV-1 cells that had been in- 
fected with fowlpox virus (multiplicity of infection of 5) 1 h 
previously. Two hours later, the cells were harvested and re- 
plated on 96-well plates with a fourfold excess of noninfected, 
nontransfected CV-1 cells. Vaccinia virus clones were rescued 
within 2 weeks from 96-well plates that had shown a cytopathic 
effect. The rescued clones were plaque purified and analyzed 
by Southern blotting (3). DNA from vaccinia virus-infected 
CV-1 cells was digested with HindIII, and the resulting frag- 
ments were electrophoresed and transferred to a nylon mem- 
brane. Hybridization was done with a **P multiprime-labeled 
(Amersham, Freiburg, Germany) DNA probe corresponding 
to HCoV 229E nt 1048 to 20582. As is shown for 10 represen- 
tative clones in Fig. 2c (lanes 1 to 10), the pattern of hybdrid- 
ization confirms the integrity of the inserted HCoV-vec DNA. 
Furthermore, this result demonstrates that more than 90% of 
the rescued vaccinia virus clones are indeed recombinant and 


illustrated. The relevant restriction sites and the sizes of DNA frag- 
ments are shown. AP indicates treatment of DNA fragment ends with 
alkaline phosphatase. (b) Forced ligation of recombinant vaccinia virus 
genomes. PFGE analysis of the ligation reaction containing Eagl- 
cleaved, dephosphorylated HCoV-vec insert cDNA and Not]-cleaved 
vaccinia virus vNotI/tk DNA in the presence of NotI enzyme is shown. 
The accumulated ligation products, comprised of two vaccinia virus 
DNA arms and a copy of the HCoV-vec insert cDNA (long/insert/long, 
long/insert/short, or short/insert/short), as well as relevant substrates 
and intermediate ligation products, are indicated. DNA bands that are 
not indicated represent substrates and predicted minor ligation prod- 
ucts comprised of pEB, PCR-BF, pFE, and vNotI/tk DNA fragments. 
(c) Southern blot analysis of 10 random vaccinia virus VHCoV-vec 
clones. DNA from CV-1 cells infected with vNotI/tk (lane vNot) or 
recombinant vVHCoV-vec clones was digested with HindIII and ana- 
lyzed by Southern blotting with a random-primed **P DNA probe 
representing the HCoV 229E genome between nt 1048 and 20582. 
Lane M shows a HindIII-digested DNA fragment generated by RT- 
PCR from HCoV 229E poly(A)-containing RNA. This 19.5-kbp cDNA 
fragment represents the HCoV genome between nt 1048 and 20582. 
The two patterns of hybridization (cf. lanes 1 to 6 and 9 with lanes 7, 
8, and 10) represent the two possible insert orientations. 
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FIG. 3. Expression of GFP by using HCoV-vec-1 RNA (a) The structural relationship among HCoV-vec-1 ORFs, the in vitro-transcribed 
HCoV-vec-1 RNA, and the intracellular mRNA produced by coronavirus replicase-mediated discontinuous transcription is illustrated together with the 
predicted intracellular translation products (i.e., the HCoV 229E replicase and GFP). Additionally, 1 wg of capped RNA transcribed from VHCoV- 
vec-1 DNA in vitro was visualized by ethidium bromide staining after agarose gel electrophoresis. (b) GFP expression analyzed by fluorescence 
microscopy of BHK-21 cells transfected with HCoV-vec-1 RNA. (c) The TAS region of the intracellular mRNA was sequenced by RT-PCR ampli- 
fication and cycle sequencing. The sequence corresponding to HCoV 229E leader (L), the TAS region, and the first 10 nt of the GFP-ORF is shown. 
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can be isolated without selection. Finally, the authenticity of 
the entire 22.5-kbp insert DNA of one recombinant vaccinia 
virus clone, VHCoV-vec-1, was confirmed by nucleotide se- 
quence analysis (data not shown). 

In vitro synthesis and functional analysis of HCoV-vec-1 
RNA. The recombinant vaccinia virus VHCoV-vec-1 was prop- 
agated to produce high-titer stocks, the virus was purified, and 
the genomic DNA was isolated (3). In order to produce a DNA 
template for the in vitro transcription of HCoV-vec-1 RNA, 
the HCoV-vec-1 DNA was digested with ClaI, deproteinized 
by phenol extraction, and ethanol precipitated. Approximately 
5 to 10 wg of this DNA was then used to in vitro transcribe 
HCoV-vec-1 RNA in the presence of m7G(5’)ppp(5')G (ratio 
of 1:1 with GTP) by using a bacteriophage T7 polymerase- 
based system according to the supplier’s instructions (Ribo- 
Max; Promega, Mannheim, Germany). The reaction was done 
for 2.5 h at 25°C followed by DNase I treatment and RNA 
precipitation. As is shown in Fig 3a, this protocol gave both a 
reasonable amount (approximately 50 wg per reaction) and 
high proportion of full-length (i.e., 22.3 kb) RNA. When this 
RNA was transfected into BHK-21 cells by electroporation (3), 
a small percentage of cells (~0.1%) displayed strong fluores- 
cence, indicative of GFP expression (Fig. 3b). 

To confirm that the observed GFP expression reflects coro- 
navirus-mediated transcription of HCoV-vec-1 RNA, we iso- 
lated poly(A)-containing RNA from transfected cells and am- 
plified, by RT-PCR, a DNA fragment that spans the unique 
mRNA leader-body junction created during coronavirus tran- 
scription. The RT primer we used corresponds to HCoV 229E 
nt 26802 to 26822, and the PCR was done with a primer pair 
corresponding to HCoV 229E nt 26481 to 26496 and HCoV 
229E nt 21 to 39 (ie., a leader sequence-specific primer). 
Sequence analysis of the RT-PCR product by using a GFP- 
specific oligonucleotide (5' ACGGGCAGCTTGCCGGTGGT 
GCA 3’) shows, indeed, that coronavirus-specific, subgenomic 
mRNA synthesis has occurred and the leader-body fusion has 
taken place at the expected position (Fig. 3c). This result 
demonstrates conclusively that the coronavirus replicase gene 
products are the only viral proteins needed to assemble a 
complex capable of discontinuous transcription and that this 
complex can be assembled in vertebrate cells of nonhuman 
origin. 

The basis of the approach taken in this study is the use of 
vaccinia virus as a cloning vector for large cDNA inserts. In this 
respect, we believe the vaccinia virus system has a number of 
advantages. First, in this system, we have never observed in- 
stability of the cloned insert cDNA, and, irrespective of the size 
of the cDNA insert, we have not seen any differences in the 
infectivity, growth, or kinetics of the recombinant vaccinia vi- 
ruses compared to the parental virus. Second, we have shown 
that large cDNA fragments, assembled by in vitro ligation, can 
be efficiently cloned into the vaccinia virus genome. Thus, by 
incorporating the NotI enzyme in the ligation reactions, more 
than 90% of recovered vaccinia viruses are recombinant. This 
protocol facilitates the isolation of recombinant vaccinia virus 
clones without the need for selection, obviates the need for 
plasmid intermediates carrying full-length insert cDNAs, and 
represents a flexible way to introduce defined mutations into 
large cDNA clones. In the longer term, we predict this system 
will be useful for the analysis of coronavirus transcription in a 
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variety of eukaryotic cells, in the absence of helper virus com- 
ponents, independent of the virus replication cycle and without 
the requirement for receptor-mediated infection. 

The detection of coronavirus-specific transcripts in this re- 
port represents the first direct evidence that the coronavirus 
replicase proteins suffice for subgenomic RNA synthesis. How- 
ever, we think it is important to state that our results do not 
prove that replication of the transfected RNA has occurred, 
nor do they exclude the possibility that additional viral or host 
cell proteins may have regulatory roles in coronavirus replica- 
tion or transcription (4, 11, 18, 23). It is striking, in this respect, 
that we have observed only a small percentage of green fluo- 
rescent cells after electroporation of the HCoV-vec-1 RNA 
into BHK-21 cells. In contrast, when we use alphavirus-based 
RNAs, we routinely achieve transfection efficiencies of more 
than 50%. This could be due to the extraordinary size of the 
HCoV-vec-1 RNA, which may make it more difficult to trans- 
fect by electroporation. Alternatively, the RNA could be sub- 
ject to degradation before the replicase polyproteins have been 
translated and an active complex has been formed. Since in 
natural coronavirus infections, the genomic RNA is initially 
protected by the nucleocapsid structure, this may represent a 
fundamental difference compared to the transfection of naked 
RNA. Further experiments are required to address these ques- 
tions. 
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